Abstract Recent results of the first ever orbit through Jupiter's auroral region by NASA's Juno spacecraft did not show evidence of coherent acceleration in the auroral or polar region. However, in this letter, we show energetic particle data from Juno's Jupiter Energetic-particle Detector Instrument instrument during the third auroral pass that exhibits conclusive evidence of downward parallel electric fields in portions of Jupiter's polar region. The energetic particle distributions show inverted-V ion and electron structures in a downward electric current region with accelerated peaked distributions in hundreds of keV to~1 MeV range. The origin of these large electric potential structures is investigated and discussed within the current theoretical framework of current-voltage relationships at both Earth and Jupiter. Parallel electric fields responsible for accelerating particles to maintain the aurora/magnetospheric circuit appear to be a common phenomenon among strongly magnetized planets with conducting ionospheres; however, their origin and generation mechanisms are subjects of ongoing research.
Introduction
The physical processes that govern the physical connection between a planetary magnetosphere and ionosphere have been subject to decades of research and dedicated missions-nearly all of them focusing on the terrestrial magnetosphere [e.g., Alfvén, 1958; McIlwain, 1960; Evans, 1968; Knight, 1973; Whipple, 1977; Lyons et al., 1979; Menietti and Burch, 1981; Carlson et al., 1998; Ergun et al., 1998 Ergun et al., , 2001 Marklund et al., 2001; Lynch, 2002] . This research has shown that the ionosphere and magnetosphere communicate via electric current systems that flow between them and satisfy the fundamental requirement for regions of highconductivity plasmas that the currents must close. Because of their much greater mobility, the current carriers are generally thought to be magnetospheric electrons for upward current regions and ionospheric electrons in regions of downward current [e.g., Carlson et al., 1998; Burch et al., 1983; Klumpar and Heikkila, 1982] . Even though the electrons are thought to carry most of the current, these two reservoirs are vastly different. For example, magnetospheric electrons are generally tenuous and hot, whereas ionospheric electrons are dense and cold. Ions also play an important role in that quasi-neutrality must be maintained at all time and positions [e.g., Temerin and Carlson, 1998 ].
Aurorae appear to be a common phenomenon among planets with magnetospheres and atmospheres; however, the planetary systems themselves could not be more different. For example, the solar wind is the main driver for Earth dynamics (e.g., reviewed by Eastwood et al. [2015] ); however, at Jupiter additional important drivers such as its strong internal magnetic field, fast rotation, and internal source of plasma play a crucial role (e.g., reviewed by Delamere et al. [2015] , and references therein). Furthermore, the sparsity of in situ measurements at Jupiter means that some people tend to rely on Earth-like analogies and theories to guide their intuition, but the facts largely remain untested. Nonetheless, theories have sought to explain various features of remote optical observations of Jupiter's aurora [Clarke et al.,1998; Clarke et al., 2002 , Mauk et al., 2002 Grodent, 2016 and flyby missions such as the Voyagers (reviewed in the Bagenal et al. "Jupiter" book). It is believed that the breakdown of corotation in Jupiter's inner to middle magnetospheric region is responsible for the generation of a broad upward current region that leads to the formation of the main auroral emission [e.g., Hill 1979; Hill, 1980, Cowley and Bunce, 2001] . This current system then must close through the ionosphere and be associated with a return, or downward, current region. Additional ionospheric current systems were predicted by Cowley et al. [2003, Figure 2] by considering the plasma flows associated with the Vasyliunas [1983] and Dungey [1961] cycles.
In situ measurements of these regions are needed to test these theories. This brings us to the subject of this letter, observations of precipitating ion beams, and upward electron beams (downward current region) with peaked energy distributions over Jupiter's southern polar cap region with NASA's Juno-Jupiter Energeticparticle Detector Instrument (JEDI). During the first set of papers reporting on the findings of Juno during the first perijove pass (27 August 2016), no such signatures were reported in the JEDI energy range [Clark et al., 2017 , Mauk et al., 2017 , Haggerty et al., 2017 or at lower energies in the Jovian Auroral Distributions Experiment (JADE) energy range [Allegrini et al., 2017] . Here using data from PJ3, we report on clear observational evidence that suggests that parallel potential drops develop in an acceleration region between~1.6 and 2.9 R J over the polar caps. The observations presented here focus on the Perijove 3 orbit, which occurred on 11 December 2016 (similar structures have been observed during the Perijove 4 and 5 passes). We also discuss the physical implications of the observations and place them in the context of the current theoretical framework of Jupiter's magnetosphere-ionosphere (M-I) coupling.
Low-Altitude Observations of Energetic Electrons and Ions Over Jupiter's Polar Region
Onboard Juno are three energetic particle sensors, collectively referred to as the Jupiter Energetic-particle Detector Instrument (JEDI), which measure the energy and angular and compositional distributions of electrons (~25 to >800 keV) and ions (protons:~10 keV to >1.5 MeV; oxygen and sulfur: to >10 MeV) [Mauk et al., 2013] . Here we focus on the energetic particles measured by JEDI during the southern auroral pass that occurred between~17:40 and 18:40 UTC on day of year (DOY) 346 of 2016. During this time, Juno traversed the southern auroral region between an altitude range of~1.5 and 3 R J mapping out System III latitudes between À65°and À85°. Two of three sensors are in the spin plane of the spacecraft maximizing coverage of the magnetic field-aligned charged particles. These sensors are known as JEDI 90 and 270 [Mauk et al., 2013] ; their numerical names indicate the angle, in degrees, at which they are mounted to the spacecraft deck clockwise from the axis that is parallel to the Juno magnetometer. JEDI utilizes multiple solid state detectors with ion and electron pixels, thin foils, and Microchannel Plate detectors to measure the electrons and triple coincidence ions. Figure 1 shows an overview of the electron and ion energy and angular distributions for two different time periods and the trajectory of the Juno spacecraft in both a cylindrical magnetic coordinate system and its magnetic footprint with respect to the statistical southern auroral oval. The two regions of interest shown in Figures 1a and 1d are chosen based on the unique characteristics of the proton and heavy ion distributions as well as the electron distributions, respectively. The characteristic-peaked energy distributions associated with magnetic field-aligned angular distributions are suggestive of downward parallel electric fields that provide a large potential drop in localized region. Additionally, both the proton and electron energy distributions show a spatial/temporal structuring that is reminiscent of the "inverted-V" profiles that have been extensively studied at Earth [e.g., Carlson et al., 1998 ]. We discuss this further in section 4.
Between~17:40 and 18:00 UT, Juno traversed magnetic field lines at an altitude between~1.6 and 2 R J , which magnetically map poleward of the southern auroral oval (Figures 1b and 1c ). Centered around 17:45 UT (1.7 R J ) in Figure 1a , observations that show the energetic electrons drop significantly in intensity and the overall energy spectrum becomes much shallower. Nearly concurrent with these observations, the protons and heavy ions (i.e., oxygen and sulfur) show peaked energy distributions ranging from several hundreds of keV at~17:43 and 17:50 to roughly 1-2 MeV at~17:45. Note that JEDI cleanly separates oxygen from sulfur above~400 keV, and so only the proton channel sees the potential drop rising from lower energies. The electrons are predominantly upward (moving away from Jupiter), and the ions are nearly all downward. The geometric loss cone in this region is estimated to be approximately 20°, which is resolvable with JEDI; therefore,
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the pitch angle distributions suggest that a significant part of the distribution originated near the atmosphere (upward moving electrons) or are precipitating (downward moving ions). We note that these angular distributions are consistent with those reported during Juno's first auroral pass by Mauk et al. [2017] , Haggerty et al. [2017] and Clark et al. [2017] . The apparent peaks in the electron energy spectrogram (Figure 1a ), before~17:45 and after~17:50 ( Figure 1a , first panel) are likely due to an instrument artifact. Foreground (coming through the proper entrance aperture) energetic electrons (>~750 keV) completely passing through the JEDI solid-state detectors are known to leave behind a residual energy of~400 eV/μm due to the minimum ionizing potential effect. The JEDI solid-state detectors are~500 μm thick, which equates to a residue energy of approximately~150-200 keV. See Mauk et al. [2017] for a detailed study on this effect.
Nearly 30 min after the observations in Figure 1a , Juno traversed field lines at altitudes between~2.6 and 3 R J . Between 18:20 and 18:35 UT, Juno passed through a relatively shallow and weak background electron environment, which is indicative of the low electron intensities at higher energies. Therefore, contamination due to high-energy electrons is essentially nonexistent. Superimposed on this sparse electron background is the observation of an upward electron inverted-V with energies peaking from~30 keV up to~300 keV (Figure 1d ). Right before 18:25 UT, peaked electron energy distributions are also evident; however, this abuts a region of intense, energetic electrons and we lose the ability to fully determine the distributions. Nonetheless, it does appear that the electrons may peak at higher energies (~400 keV). The protons and heavier ions are sparse and show no organization in energy or pitch angle. The geometrical loss cone for this region (2.7 R J ) is approximately 12°. Similar to the precipitating proton and heavy ions (Figure 1a) , the electrons are concentrated near the loss cone but are moving upward and away from Jupiter. Supplementary, but not shown for brevity, information from the Juno-Waves and Juno-Plasma observations depict a wave environment with whistler mode hiss emissions and a sparse electron population extending down to 
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100 eV (JADE-E's low-energy electron response cutoff). The electromagnetic hiss does not show signatures that are conclusively tied to downward currents; further work is needed to interpret those signatures. Because the Juno plasma instrument can measure up to~100 keV electrons, they also capture part of the inverted-V peaked energy distributions, providing an independent proof of its existence. Lastly, plasma observations within the polar region show extremely low electron (> 100 eV) densities, suggesting that the current carriers are the energetic (> 25 keV) electrons. These observations will be the subject of future studies.
The peaked portions of the electron and ion phase space densities depicted in Figures 2 and 3 look similar to Maxwellian-like distributions that have been accelerated through an electric potential drop within an acceleration region. Here electron phase space densities are calculated using the standard method of relating the differential particle flux to the distribution function by:
, where p is the relativistic particle momentum and m is the mass, J(E) is the particle flux as a function of energy, and f(p) is the distribution function as a function of momentum. Since the ions are not relativistic at these energies, their phase space densities
where v is the velocity of the ion. Figure 2 illustrates the electron distribution function for three angular sectors: f(p) up for electrons with pitch angles between 150°and 180°(upward moving), f(p) trap for electrons with pitch angles between 60°and 120°(magnetically trapped), and f(p) down for pitch angles between 0°and 30°(downward moving). Figure 2 (bottom) shows the pitch angle distribution of the electrons between~25 keV to 1 MeV. A Maxwellian-like distribution centered on~300 keV is clearly evident in the upward moving electrons and not the other pitch angles, suggesting a coherent acceleration structure aligning the particles parallel to the local magnetic field. The very slight "bump" near 300 keV in f(p) trap at 1% level is likely due to scattering within the instrument [Mauk et al., 2017; Clark et al., 2013] . The half width at half maximum (HWHM) of the field-aligned portion of the pitch angle distribution is~10°, which suggests a beam collimated along the field. Figures 3a and 3c are similar to the electron distributions, which again indicate that a Maxwellian-like velocity peaked distribution around 210 keV with a HWHM pitch angle distribution along the field direction is~10°. Figures 3b and 3d show that protons, oxygen, and sulfur ions have characteristic peak energies near 1 MeV, with the sulfur peak being wider. The width of the peak may be representative of the ionic charge states associated with each species. The energy gained through the potential is proportional to qϕ, where q is the ion charge and ϕ is the total potential voltage. Unlike in Figure 2 , we do not show the distribution functions and its dependence on pitch 
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angle; however, the pitch angle distributions in Figure 1a show that nearly all the ion particle flux is nearly parallel to the local magnetic field. Sulfur and Oxygen spectra are omitted from Figures 3a and 3c because the peak proton energy (at 210 keV) is below the energy threshold required to distinguish the heavier ions.
Current-Voltage Relationship in the Downward Current Region
As indicated in section 1, the current-voltage relationship in both upward and downward current regions has a long history dating back to the 1950s when field-aligned currents were first predicted by Alfvén [1958] . Here for the first time with in situ observations, we explore the current-voltage relationship in the Jovian polar downward current region by closely inspecting the electron inverted-V signature around 18:35 UT in Figure 1c . Based on the Juno plasma and waves data (not shown), we adopt that the current carriers are energetic (> 25 keV) electrons where JEDI (and at lower energies JADE) sees the upward electron inverted-V structures. Furthermore, based on the electron distribution functions, we infer the voltage drop by the peak of the accelerated Maxwellian. To calculate the local current density, we evaluate the following integral
where J ∥ is the local parallel current density, Ω lc is the solid angle subtended by the beam in the loss cone, e is the elementary charge, and I ∥ (E) is the intensity spectrum as a function of energy for pitch angles between 
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150°and 180°. Limits of integration are defined by the energy range of the JEDI sensor, which is roughly 25 keV to 1 MeV. The solid angle of the loss cone here is not the geometrical loss cone, which is purely a function of field-line location. Instead, it is the effective loss cone solid angle including the effect of the parallel electric field. We take the approach outlined in Roederer [1970] and Whipple [1977] to express the loss cone as a function of potential voltage and particle kinetic energy, i.e.,
where α lc is the particle's loss cone angle and B(s) and B 1 are the magnetic field magnitudes at the location of the spacecraft and surface field strength where the field line intersects the atmosphere, respectively. The potential difference is that Δϕ and w are the local kinetic energy. This expression reduces to the well-known loss cone definition for field lines that are an equipotential (i.e., Δϕ = 0). This expression allows us to gain insight into how the parallel electric field alters the loss cone in the acceleration region. In theory, the electric field, or potential drop, is needed both to accelerate particles and to widen the loss cone to maintain the required total current. Effectively, particles with much broader angular distributions can be pushed into the loss cone. To estimate the loss cone size due to the parallel electric field, we took the total potential drop to be 280 kV (maximum electron energy peak) and a characteristic electron energy outside of the acceleration region to be~50 keV, derived from the ratio of the integrated energy flux and the number flux [e.g., Mauk et al., 2004] . The measured magnetic field at the spacecraft, i.e., B(s), is 0.3 G, and we chose B 1 to be 6 G. For these values we calculate a loss cone of~40°and thus a solid angle, Ω lc ≅ 1.5 sr.
Performing this same calculation as a function of position, Figure 4 shows the inferred voltage as a function of the calculated parallel current density. Error bars represent the energy resolution of the JEDI solid-state detectors. The calculated currents in this polar cap region are on the order of~0.01À0.1 μA/m 2 . Overlaid in Figure 4 are two additional curves that represent a linear fit (black curve) and an exponential fit (red curve) to the JEDI electrons. The exponential fit, i.e., ϕ ¼ ϕ o e J∥=j o , is based on the empirical fit used by Elphic et al.
[1998] for downward currents above Earth's ionosphere, and the linear fit is just used to guide the eye. It is of interest whether or not the currents that we derive from the particle measurements should be observable by the Juno magnetometer experiment [Connerney et al., 2017] . Assuming a field-aligned sheet of current, the deviation in the field can be estimated by using curl B and transforming into a coordinate system such that the deviation in B is within the plane perpendicular to the field-aligned direction (usually noted as east-west or φ). Therefore, the upper limit of the deflection in the perpendicular plane is
where μ o is the permeability of free space, v φs/c is that azimuthally velocity through this region, F e is the electron flux summed over all energies between 25 keV and 1 MeV, q is the charge, and Δt we choose to be 30 s. Using these values, we estimate an upper limit~10 nT. This small perturbation is much smaller Figure 4 . Inferred potential voltage drop versus the calculated parallel current density for electrons greater than 25 keV. Error bars represent the energy resolution of the JEDI solid-state detector (i.e., 20%). Black and red curves represent linear and exponential fit, respectively. The curve fits are meant to guidethe-eye; however, the exponential fit is based on the empirical function provided in Elphic et al. [1998] whereas the linear fit is not based on theory.
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than the several hundreds of nanotesla deviations observed in Earth's polar region. Additionally, this background magnetic field magnitude is~5 × 10 4 nT, which is difficult to resolve with the Juno magnetometer when the instrument is configured to measure Jupiter's strong magnetic field near perijoves [Connerney et al., 2017] . Thus, the fact that Juno-MAG does not observe significant east/west deflections during this time period is not inconsistent with our predictions.
Jupiter Polar M-I Coupling Discussion and Summary
We hypothesize that the inverted-V signatures that we have identified are associated with downward parallel potential drops embedded within Jupiter's polar regions. The pitch angle distributions suggest that this broad zone spanning from~17:40 UT to 18:40 UT (~80°SYSIII-latitude) is associated with a downward current region that maps out to the middle and outer magnetosphere (>30 R J ). Within this downward current we report MeV potential drops that are evident by the peaked MeV protons and heavy ions and several hundreds of kilovolts potential drops associated with peaked electron energy distributions. The hundreds of keV upward moving electrons are also consistent with the ion conic energy distributions observed during Juno's first auroral pass [Clark et al., 2017] .
In Earth's downward current regions, it is the ionospheric electrons that carry the current with the caveat that the large potentials are still required because the ion density along the flux tube is small and the plasma is charge neutral [e.g., Temerin and Carlson, 1998, Lynch, 2002] . However, it is unclear what carries the current in Jupiter's downward current, i.e., Bunce [2004] and Cravens et al. [2003] acknowledge that magnetospheric protons and ionospheric electrons are debated. The data presented here favor the idea that ionospheric electrons are the primary current carriers in these downward current regions, and much like the case presented by Temerin and Carlson [1998] , it is probably the low-density ions on the flux tube that inhibit the ionospheric electrons, and thus, 10-1000 kV potentials must develop. At this time, this idea is purely qualitative and should be treated with caution, since it is based off a single case study. However, initial measurements from the Juno Waves investigation suggest that the electron density is~0.01 to 0.1 cm À3 during the electron inverted-V structure at 18:30 UT. Simply scaling the Temerin and Carlson [1998] current-voltage relationship with these densities makes it plausible that hundreds of kilovolts potential drops can develop-a more rigorous approach is obviously required. It also remains that the calculated current densities we present within the electron inverted-V are as much as a factor of 4 larger when compared to modeled values for Jupiter based on Juno's trajectory [Cowley et al., 2017 , Figure 2] ; however, the measured low electron flux is consistent with the observations of no field-aligned current in the magnetic field data. To fully understand the interplay between the ionosphere and the magnetosphere in the polar downward current region, physics-based models need to include the role of ion conics and wave-particle interactions, the currentvoltage relationship, and perhaps, if found to be important, the role of secondary electrons created by precipitating ions.
In section 2 we showed ion and electron distribution functions that have Maxwellian-like features; however, we did not discuss how they appear to be superimposed onto a power law like distribution (monotonic increase toward lower energies and the apparent high-energy tail). These observations were commonly observed by the FAST mission (e.g., review by Paschmann et al. [2002] ) in regions of upward current and were shown to be associated with electrons backscattering out of the atmosphere with a degraded energy profile. Observations presented here are for electrons moving upward (downward current), and it is not obvious what is causing the low-energy part. We know from PJ1 [Mauk et al., 2017; Clark et al., 2017] and these observations that both stochastic and coherent structures play a role in Jupiter's main aurora and polar cap regions. Whether these distributions have both features or another mechanism that is scattering the distributions (i.e., wave-particle interactions) or if it is a population accelerated elsewhere is unknown at this time but will be subject of future work.
In conclusion, we show strong evidence that large parallel potentials exist in Jupiter's polar region based off the modified, accelerated Maxwellian-like, electron and ion energetic particle distributions. The pitch angle distributions of the ion and electrons suggest that Juno first flew either below or through an acceleration region~17:45 UT and subsequently over an acceleration region at~18:30 UT. The discovery of peaked MeV ion phase space densities associated with precipitating heavy ions places current theories on X-ray auroral generation due to charge exchange stripping in the atmosphere on stronger footing [e.g.,
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10.1002/2017GL074366 Gladstone et al., 2002 , Cravens et al., 1995 , Ozak et al., 2010 Dunn et al., 2016] . Furthermore, the qualitative arguments put forward here, largely based off of auroral studies from Earth, suggest that sparse current carriers on high-latitude, low-altitude flux tube regions may play an important role in generating these strong potentials. Future studies will make use of multiple auroral passes from Juno to map out these acceleration regions in Jupiter's polar cap to better understand the interplay between Jupiter's magnetosphere and ionosphere.
